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Abstract 
This paper is aimed to study the aerodynamic properties and flow structures of flow field between two wings in tandem 
arrangement, including the experiments of force and velocity measurement in the wind tunnel. From the hot-wire velocity 
measurements, the spectral analysis is also conducted to observe the flow development of the trailing vortices. It is found that 
there is a sudden drop of shedding frequency distribution at the distance of 4 to 5 times the chord length from the front wing 
when AOA=10e, which determines the distance between the front wing and following wing, and understand the dynamic 
response of following wing under the effect of trailing vortices from the front wing at constant angle of attacks. In addition, the 
aerodynamic performance of the following wing is drastically affected due to the impingement of the tip vortices or wake from 
the front wing as well. 
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Nomenclature 
AOA Angle of attack
AR Aspect ratio
dB Decibel (form of power spectra magnitude)
L/D Lift-to-drag ratio 
A Calibration constant of King’s law
B Calibration constant of King’s law
E Output voltage 
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n Random sample of number 
U Instantaneous streamwise velocity (m/s) 
fs Vortex Shedding frequency 
St Strouhal number 
Greek symbols 
¢ Angle of attack 
ȟ Resistance (Ohm) 
1. Introduction 
The research of wake flow has been studied for a long time. When two wings are in tandem arrangement, the 
tip vortices and trailing vortices generated from front wing would influence the flow passing through the 
following wing. From the V-formation of birds, we understand the aerodynamic efficiency of wingman can be 
improved by the tip and trailing vortex produced from the leader. The initial research about formation flight is 
conducted by Lissaman and Shollenberger [1]. According to their research, the flying distance of birds in V-
formation is 71% longer than single bird. Therefore, the application of formation flight in Unmanned Aerial 
Vehicles (UAV) has become an important research topic in recent years. If we can find the approximate position of 
two UAVs in flight formation, the endurance time and distance of wingman can be extended. Thien, Moelyadi, and 
Muhammad [2] use numerical method to simulate the effect of leader’s position on aerodynamic performance. 
Ding and Hsiao [3] use fuzzy logic control to keep two UAVs flying in formation. 
However, most of the researches about formation flight of UAV are studied in control law, and few researchers 
conducted the experiments in wind tunnel. Hence, the objective of this paper will focus on the experiments results 
to study the flow structures and tip vortices generated from front wing along downstream and measure the lift and 
drag of following wing, and hope to find an appropriate position between two wings which has better 
aerodynamic performance of following wing. 
2. Experimental apparatus 
2.1. Low Speed Wind Tunnel 
The horizontal, open-type low speed wind tunnel shown in Fig.1 is located in National Cheng Kung University. 
The contraction ratio is 9 to 1 with the cross-section area of 1440mm (long) × 1200mm (wide) × 914mm (high). In 
the force and velocity measurement experiments, the free stream velocity in the test section can be varied from 
2m/s to 20m/s. The turbulence intensity is normally less than 0.2% for free stream velocity greater than 6m/s and 
the highest turbulence level is 0.45% for lowest attainable free stream velocity. 
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(a) Low speed wind tunnel facility 
 
(b) turbulence intensity 
 
Fig. 1 Low speed wind tunnel  
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2.2. Velocity measurement system 
The velocity measurement system shown in Fig.2 consists of constant temperature anemometer, cross-type 
hotwire probe, Analog/Digital (A/D) converter, and three-axis traversing mechanism to measure the span-wise 
and transverse direction of flow velocity components. The platinum-plated tungsten wire is used as the sensing 
element, and the initial resistivity of each wire is near to 5(ȍ). The King’s Law is applied to the calibration of 
hotwire probe to correlate the relation of velocity (U) normal to the wire and the output voltage (E) of anemometer 
which is shown in eq. (1). 
 
 2
Power law curve fitting : n=0.5
                                         E =A+B U
 (1)
 
The sampling frequency of present study is used with 1024~2048Hz with 4096~16,384 numbers of samples. 
The long time average technique is used to calculate mean and fluctuation velocity. The each of velocity 
component is defined in eq. (2) and eq. (3). 
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For the results of velocity measurement, the maximum of uncertainty analysis at each point of velocity 
component is less than 3% with 4096~16384 of numbers of samples. 
 
 
(a) Hot-wire measurement system facility 
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(b) Construction diagram 
 
Fig.2 Hot-wire measurement system 
2.3. Force and moment measurement system 
The force and moment measurement system shown in Fig. 3 consists of a six-component strain-gage type force 
balance, Wave-book 512 Analog/Digital (A/D) converter, and AOA servo device to measure the forces and 
moments. The fully-limited loading ranges of the force balance are 5 kg of lift force in Z direction, 3 kg of drag 
force in X direction, and 0.025 kg-m of pitch moment. The output voltages of each component after amplification 
were transmitted to a computer through an A/D converter, and the digitized data was converted into the real 
force/moment data via the linear coupling matrix shown in eq. (4). The values of “ǻV” are the voltage differences 
measured by A/D converter, while the elements of the 6×6 transition matrix are obtained from the force/moment 
calibration system. Therefore, the desired forces (Fx and Fz) and moment (My) can be easily calculated. 
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Fig. 3 Force and moment measurement system 
2.4. Test models 
The two models illustrated in Fig. 4 are used in this experiment, front wing and following wing. The front wing 
is with 15cm of chord length and 4 of AR; the following wing is with 10cm of chord length and 6 of AR. The 
airfoil of two models is NACA 0012, the material is wood and fiber of glass, and the platform of each model is 
rectangle. 
 
ġġ
 
Fig. 4 Test modes 
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3. Experimental Results and Discussions 
The experimental results include velocity measurement of the front wing in wake region, the further analysis of 
fluctuating energy spectra evolution to compare and verify the results of flow measurements, and the force 
measurement of rear wing in different position behind front wing. 
3.1. Flow Development of Mean Velocity along Downstream 
The streamwise mean velocity ratio contours of front wing are illustrated in Fig. 5. The free stream velocity is 
9.74 m/s, and angle of attack is 100. At the trailing edge (x/c=0), the value of contour line decreases from the outer 
to the inner one apparently. From Fig. 5(a), we can observe the wing-tip vortex and the mean velocity ratio at 
center is larger than the freestream velocity. In the farthest section (x/c=5), the range of wake on upper and lower 
surfaces expands and descends obviously. It shows that the wing-tip vortex expands and descends as the wake 
flow along downstream, and it also causes interaction of flow separation. Near the wing root, flow separation 
phenomenon is similar to 2-D flow field; near the wingtip, flow separation causes to tip-vortex effect. Therefore, 
the wake flow velocity distribution keeps basic 2-D flow characteristics. The reason why the value of mean 
velocity is larger than free stream velocity is the difference of pressure region between upper and lower surfaces 
of the wing, the tip vortex development along downstream will reduce a low-pressure region and increase velocity 
in this region. Therefore, it is accelerated by low pressure region attraction. 
 
(a) AOA=10e, X/C=0 
 
(b) AOA=10e, X/C=1 
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(c) AOA=10e, X/C=2ġ
 
(d) AOA=10e, X/C=3 
 
(e) AOA=10e, X/C=4 
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                                               (f) AOA=10e, X/C=5 
 
Fig. 5 Streamwise mean velocity contour 
 
3.2. Downwash Effect on Wake 
According to aerodynamics, 3-D wing is affected by a downwash effect, and the effective angle of attack will 
decrease because of the downwash velocity generated by the wing-tip vortices, and the descending of wake and 
tip-vortices behind the wing is caused by the downwash effect. Fig. 6 illustrates the mean velocity development on 
the middle line of front wing at AOA=10e, and it shows the center of wake between X/C=0 and X/C=3 descends 
dramatically. This phenomenon is caused by the formation of trailing vortex. The vortex-sheet rolls up to a vortex 
and descends. As the vortex passing through downstream, it does not descend but moves outboard. At last, the 
vortex breaks down. 
 
 
 
Fig. 6 Streamwise mean velocity development along downstream at AOA=100 
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3.3. Power Spectra Analysis of Velocity Fluctuation in Wake 
To understand the instability of flow on shedding frequency of the wake region, the spectral analysis of flow 
measurements was employed. The maximum root-mean-square velocity of each streamwise location was used to 
analyze its power spectrum and determine the frequencies of the fundamental disturbances. Since spectra of the 
vertical fluctuating velocity component were more sensitive to frequency-center activity than the streamwise 
velocity component, the cross-wire probe was employed to investigate the development of coherent structures 
behind the wake of wing. From the present studies [4], the power spectra (P.S.) magnitude analysis of vortex 
shedding frequency (fs) with the form of decibel (dB) shown in eq. 5 is suitable to calculate the uncertainly 
frequency with the length of ‘bandwidth’. 
 
 
Where u' is denoted by the selected near the maximum fluctuating velocity with root mean square values and ݑ௥௘௙ 
is denoted by the corresponding velocity with maximum frequency. 
The spectra of the vertical velocity component measured on the middle line at AOA=100 for Re = 1×105 is 
illustrated in Fig. 7, and the amplitude of each spectrum has been stepped by 30 dB with respect to the spectrum at 
the previous location. From Fig. 7 and Table 1, there is wide peak and higher frequency at trailing edge. It implies 
the flow field on the upper surface was still reattached and formed lots of small-scale vortices, and the coherent 
structures in wake region became weak. Along downstream to the farther section (X/C=4), the frequency descends, 
and this result is similar to the research of Yarusevych [4]. To the farthest section (X/C=5), the flow has separated, 
and an unambiguous peak could be observed which is attributed to large-scale vortex shedding alternatively. 
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(c)AOA=10e, X/C=2                                             (d)AOA=10e, X/C=3 
 
(e)AOA=10e, X/C=4                                                 (f)AOA=10e, X/C=5 
 
Fig. 7 Power spectra of vertical fluctuating velocity of Y/C=0.0 with AR=4 and Re = 1×105 at AOA = 10° 
 
Table 1 Vortex shedding frequency of Y/C=0.0 with AR=4 and Re = 1×105 at AOA = 10° 
 X/C 0 1 2 3 4 5 
AOA=10Ʊ 430~442.5Hz 200~243 Hz 149~187 Hz 153~175 Hz 145~165 Hz 22~31 Hz 
 
The Strouhal number (St) is defined in eq. 5, where fs denotes the vortex shedding frequency, C denotes the 
chord length of wing section, and U denotes the free stream velocity. 
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The Strouhal Number with its corresponding distance(x/c) along downstream is illustrated in Fig. 8. At the 
trailing edge(x/c=0), the value of St is closed to 1 because the shedding frequency is much higher. As the distance 
from trailing edge becomes longer, the value of St is smaller. However, at the farthest section (x/c=5), the value 
has dropped below 0.1, and it proves that the large scale of vortex structure will cause the low of shedding 
frequency. This result is identical with the mean velocity ratio contour, and this tendency matches the result of 
Huang and Lin’s research [6]. They concluded the Strouhal number is an exponential function of AOA. 
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Fig. 8 The Strouhal Number V.S. corresponding distance along downstream(X/C) of Y/C=0.0 
 
3.4. Aerodynamic response 
There are front wing and following wing in this experiment. The front wing which called vortex generation 
wing is fixed at AOA=10°, and the distance between front wing and following wing is 30cm(X/C=2). The curves 
of lift coefficient and lift-to-drag ratio are illustrated in Fig. 9. The upstream trailing vortex passing through the 
following wing could be divided into upper and lower position of front wing. From the lift coefficient curve, it 
shows no matter the following wing is higher or lower than front wing, the lift coefficient slope before AOA=0° is 
lower than free flow field in both cases. After the following wing stalled for free flow field, the curve descends 
and climbs to the value of 0.4 obviously. For the cases of following wing higher and lower than front wing, the 
value still increases. However, the value of following wing lower than front wing increases higher than following 
wing higher case. From velocity contour, there are two circulate contract vortex. The vortices pass through surface 
of following wing, and cause a low pressure region, so the lift coefficient increases. Nevertheless, for following 
wing higher case, the low pressure region is on the lower surface. Therefore, the lift coefficient at following wing 
higher case reduces more than following wing lower case. For the lift-to-drag ratio, the following wing lower case 
has the largest value of 12.65 at AOA=3°, and the value of following wing higher case at AOA=3° and original 
case at AOA=4° is approximately the same. It means that at AOA=0°~5°, the drag coefficient of following wing 
higher case is the smallest.  
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(a) Lift coefficient 
 
(b) Lift-to-drag ratio 
 
Fig. 9 Aerodynamic response with variation of AOA at AR=6.0, Re=1×105 
 
4. Conclusion 
The investigation about the effect of the trailing vortices and how these vortices influence the aerodynamic 
properties of the following wing is conducted in a wind tunnel. From the experiment, the development of the finite 
wing wake has two stages. In the first stage, the wake develops downstream with descending rate as the finite-
wing downwash rate, and it means the descending mechanism is formed by the downwash effect. The second 
stage is the trailing vortex formation caused by the different pressure distribution. The flow near the wing-tips 
tends to curl around the tips, being forced from the high-pressure region just underneath the tips to the low-
pressure region on top. Furthermore, the range of wake spreads at the farthest section(X/C=5) and the shedding 
frequency descends. It means the distance from front wing to the following wing cannot exceed 4 times the chord 
of front wing. 
The aerodynamic performance of the following wing is drastically affected due to the impingement of the tip 
vortices or wake from the front wing. As the following wing is at the range of vortex which generated from the 
front wing, the lift of following wing increases higher than in free stream. However, when the following wing is 
located higher than front wing, there is a low pressure region induced to influence the following wing bottom 
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surface. Therefore, the lift of the following wing is lower than following wing higher case. For the lift-to-drag 
ratio of the following wing behavior, the value of the following wing lower case is the highest than the other two 
cases. Therefore, when the front wing is at AOA=10°, the following wing lower than front wing would have better 
performance at the angle of attack from 0° to 5°. 
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